Regulation of Armadillo by a Drosophila APC Inhibits Neuronal Apoptosis during Retinal Development during eye development. The focal nature of these lesions suggests that additional genetic mutations, perhaps some of which occur somatically in the wild-type APC allele, are required for their formation. The lesions are readily apparent on ophthalmologic examination and
, Tid 56, Axin, and APC itself (rethe D-APC mutant results from apoptotic cell death, viewed in Polakis, 1997 ; see also Nathke et al., 1996 ; which accompanies a defect in neuronal differentia- Trzepacz et al., 1997; Behrens et al., 1998 ; Kishida et tion. Reduction in the Drosophila ␤-catenin, Armadillo al., 1998). These interactions have led to proposals that (Arm), rescues the differentiation defect and prevents APC regulates many cellular processes including cell apoptosis in the D-APC mutant, while Arm overexprescycle progression, cell migration, cell adhesion, and cell sion mimics D-APC inactivation. A mutation in dTCF, fate determination. APC has also been proposed to inthe DNA-binding protein required in Arm-mediated duce cell death in colon carcinoma cells (Morin et al. , signal transduction, can eliminate the cell death with-1996). out rescuing the differentiation defect in D-APC mutants.
One of the proteins with which APC interacts, ␤-catUncoupling of these two Arm-induced processes sugenin, is remarkably multifunctional, serving both in epigests a novel role for the Arm/dTCF complex in the thelial cell adherens junctions and, when complexed activation of apoptosis.
with the DNA-binding protein T-cell factor (TCF), as a transcriptional activator in the evolutionarily conserved Wnt/Wingless signal transduction pathway governing Introduction cell fate (reviewed in Willert and Nusse, 1998) . Nearly all APC mutations found in colonic neoplasms and retinal Humans heterozygous for germline mutations in the adlesions generate a truncated protein and eliminate part enomatous polyposis coli (APC) tumor suppressor gene of the region that interacts with ␤-catenin (Polakis, develop thousands of neoplastic colonic polyps by their 1997), suggesting that this interaction may be required teens and twenties; some of these lesions progress to for APC's tumor suppressor function. Several studies carcinoma. Inactivation of both APC alleles is found have implicated ␤-catenin as an inducer of the cellular not only in familial polyposis but also in the majority changes that occur in the setting of APC loss. In some of sporadic colorectal tumors (Kinzler and Vogelstein, colon cancer cell lines lacking APC, there exist high 1996; Polakis, 1997) . A causal relationship between APC cytoplasmic levels and transcriptional activity of ␤-catloss and the development of intestinal polyps has been enin (Munemitsu et al., 1995; . In substantiated by mouse models. Conditional targeted addition, mutations in ␤-catenin that result in its stabilimutation of APC induces the formation of colonic polyps zation have been found in colon cancer cell lines with within 4 weeks, and submucosal invasion by adenocarno detectable mutation in APC (Morin et al., 1997) . Tocinoma cells within one year (Shibata et al., 1997) .
gether, these findings suggest a model in which APC Humans with germline mutations in APC also develop acts to regulate ␤-catenin negatively and that inactivaretinal lesions, termed congenital hypertrophy of the tion of APC results in elevation of ␤-catenin levels and retinal pigment epithelium (CHRPE) (Blair and Trempe, subsequent cellular transformation. However, not all 1980) . In such individuals, the retinal lesions tend to data are consistent with this model. For example, not be bilateral and multifocal, findings that are rare in the all colon cancer cells lines with mutant APC have ingeneral population. CHRPE lesions are composed of creased ␤-catenin levels (Polakis, 1997) . Further, exenlarged pigment cells and degenerated photoreceptor periments in Xenopus support a role for APC in the neurons (Buettner, 1975; Traboulsi et al., 1990a) . The activation, rather than inhibition, of ␤-catenin during emlesions are present at birth and do not enlarge with age, bryonic development (Vleminckx et al., 1997) . Thus, the suggesting that they arise from a defect that occurs mechanisms by which APC loss alters ␤-catenin regulation and cellular differentiation appear complex. We have taken a genetic approach in Drosophila to ‡ To whom correspondence should be addressed.
address APC function. making the fly a particularly amenable model system in alpha helices that are important in protein-protein interactions (Huber et al., 1997) , but their contribution to which to analyze the regulation of ␤-catenin by APC. In APC function is not known. In addition, D-APC has eight particular, given the large number of proteins with which ␤-catenin binding sites, characterized by 15 and 20 APC directly interacts, we sought to determine whether amino acid repeats, that overall share 50% identity with the regulation of ␤-catenin by APC is central to its role human APC at the amino acid level. Most of these in the cell. In addition, we sought to determine whether ␤-catenin binding sites contain a PXX(F/Y)S amino acid this APC-mediated regulation impacts ␤-catenin's funcmotif that, among the proteins that bind ␤-catenin, is tion in Wnt signal transduction.
unique to the vertebrate and fly APC proteins (Polakis, Our studies reveal a remarkable correlation between 1997). the retinal defects induced by APC loss in the human
To isolate mutants in D-APC, a deficiency in the chroand the fly and suggest a conservation of APC function mosomal region to which the D-APC gene maps was in eye development. Using this retinal phenotype as used as the basis of genetic screens. Potential mutants a starting point, we demonstrate a genetic interaction in D-APC were identified by staining embryos from varibetween APC, ␤-catenin, and TCF and provide concluous mutant lines with a polyclonal antibody directed sive evidence that APC can inhibit ␤-catenin function in against the central portion of D-APC (Hayashi et al., a living organism. In addition, we provide evidence that, 1997). In wild-type embryos at early embryonic stages, at least in some cell types, all phenotypic manifestations D-APC is detected in the pole cells, which will give rise of APC loss are due to increased activity of ␤-catenin.
to the adult germline. This D-APC expression is provided Finally, these studies demonstrate an unexpected activmaternally and persists through the course of pole cell ity of ␤-catenin, together with TCF, in the induction of migration to the gonads ( Figure 1A ). At later embryonic apoptotic cell death, and for APC in the inhibition of this stages, strong zygotic D-APC expression is found in death.
both the central and peripheral nervous system, within the axon fiber tracts (Hayashi et al., 1997) . Three mutants Results with a reduction in this zygotic expression were identified ( Figure 1B , lower panel). D-APC pole cell expresIsolation of D-APC Alleles sion, provided by heterozygous mothers, persists in the A Drosophila homolog of APC (D-APC) was identified by homozygous mutant embryos. the screening of a cDNA expression library with antisera Sequencing of the coding region of D-APC from the generated against human APC (Hayashi et al., 1997) .
putative mutants revealed that for each of the alleles, a Like human APC, D-APC has seven Armadillo repeats, single nucleotide change results in formation of a stop with 60% identity at the amino acid level. The Armadillo codon in the D-APC polypeptide sequence ( Figure 1C ). repeats each consist of a 42-amino acid motif, found in For each of the alleles, this truncation results in the several proteins including the fly homolog of ␤-catenin, elimination of the majority of D-APC's ␤-catenin binding Armadillo (Arm) (Riggleman et al., 1989; Peifer et al., sites. Truncations within this region of the protein comprise nearly all of the APC mutations found in human 1994). In tandem, these repeats form a superhelix of colon cancers and retinal lesions (Polakis, 1997) . The three D-APC mutants are phenotypically similar. The analyses shown below were performed with D-APC Q8 , which is the most severe truncation in D-APC, eliminating six out of seven Armadillo repeats, and all of the ␤-catenin binding sites.
D-APC Loss Induces Apoptotic Death of Retinal Neurons
The D-APC Q8 mutation results in temperature-sensitive lethality. Mutant adults raised at permissive temperature are morphologically normal; however, they lack pseudopupils. The pseudopupil is a dark spot seen on the eye surface that results from light absorption. Sections from mutant adult eyes were analyzed to trace the origin of this defect. The heterozygous D-APC mutant has a normal compound eye structure, consisting of approximately 750 highly ordered unit eyes termed ommatidia. Each ommatidium contains eight neuronal photoreceptor cells surrounded by retinal pigment cells (reviewed in Wolff and Ready, 1993) (Figure 2A ). In contrast, upon eclosion, the homozygous D-APC mutant has complete loss of all retinal neurons within all ommatidia, while the pigment cell lattice remains intact ( Figure 2B ). Several days after eclosion, the pigment cells enlarge to the point of confluence ( Figure 2C ).
Third instar larval eye imaginal discs (the precursors of the adult eye) from the homozygous D-APC mutant were analyzed to determine whether this photoreceptor cell loss is a consequence of defects in the initial formation of neurons or rather of defects in their subsequent in the retinal lesions of humans with germline mutations in APC (Buettner, 1975; Traboulsi et al., 1990a) and suggests a conserved function of APC in these distantly D-APC mutant eye disc. In wild-type eye discs at this related organisms.
stage, there are no TUNEL-positive nuclei in any of the To determine whether the neuronal degeneration that cell types ( Figure 3C ). Phalloidin staining reveals a conis induced by D-APC loss is the result of programmed comitant disorganization of the actin cytoskeleton of cell death, we used terminal transferase catalyzed dUTP D-APC mutant photoreceptor cells, which is consistent end labeling (TUNEL) to detect apoptotic nuclei in the with morphological changes that occur during proeye discs of D-APC mutant pupae. These discs were grammed cell death. Together, these findings reveal that also stained with rhodamine-conjugated phalloidin, to neuronal degeneration in the D-APC mutant is the result highlight the actin cytoskeleton and thereby allow a morof apoptotic death. phological identification of specific cell types within the In many systems, apoptotic death is a cellular reretina. At 45%-50% pupal development, TUNEL staining sponse to developmental defects, or misprogramming reveals the presence of many apoptotic nuclei in the of cell fates (Jacobson et al., 1997) . In some instances, D-APC mutant eye disc ( Figure 3D ). These apoptotic inhibition of this cell death allows the defective cells to nuclei are restricted to the retinal neurons; there are no survive and yields clues to their underlying developmental defects. To test this possibility in the D-APC apoptotic nuclei detected in nonneuronal cells in the mutant, we used p35, a baculoviral protein that interstructure occurs subsequent to the initiation of cell death in D-APC mutant retinal neurons. This finding sugferes with apoptosis by inhibiting the function of caspase proteases, which are required in the mediation of gests that some aspects of late differentiation are preserved in the rescued cells. apoptotic cell death (Clem et al., 1991) . p35 inhibits programmed cell death in diverse organisms including Despite the dramatic rescue of D-APC mutant retinal neurons from death by p35, there is a striking feature flies, nematodes, and mammals, and inhibits the apoptosis that occurs during normal fly eye development that distinguishes the rescued photoreceptors. In wildtype adult eyes, the retinal neurons extend the entire (Rabizadeh et al., 1993; Hay et al., 1994; Sugimoto et al., 1994) . p35 was expressed in the D-APC mutant under length of the ommatidia, tapering gradually in diameter from their apical to basal regions ( Figure 3G ). In contrast, control of an eye-specific promoter (Hay et al., 1994) . This ectopic expression of p35 rescues D-APC mutant while the rescued D-APC mutant photoreceptors display an intact morphology at the apical surface of the eye retinal neurons from death and reveals no obvious change in cell fate ( Figure 3E ). These neurons appeared ( Figure 3E ), at more basal levels, their diameters are dramatically shrunken, and they lose contacts with their to continue on their normal pathway of differentiation. In particular, the rhabdomere, a light-sensing organelle neighbors ( Figures 3F and 3H ). We speculate that this abnormal morphology reflects an arrest in differentiation that is specific to retinal neurons and formed as one of the final steps in their differentiation pathway, is present and that this arrest accompanies the apoptotic death observed in the D-APC mutant eye. in the rescued cells. Normally, differentiation of this Immunostaining of wild-type third instar larval (A-D) and pupal (p30%) (E-G) eye discs using the anti-D-APC (A, B, and E), anti-Arm (C and F), and both the anti-D-APC (green) and anti-Arm (red) antibodies (D and G). In the larval eye disc, Arm is present at the apical junctions of all epithelial cells but concentrated at points of photoreceptor contact, thus appearing in a star pattern (C). D-APC is found apically in the cytoplasm of photoreceptor cells (B). In the pupal disc, while the contacts between photoreceptors extend nearly to the neighboring ommatidia, both Arm and D-APC relocate to those points of neuronal contact at the very center of the ommatidium (E and F). Note that while D-APC and Arm are both found apically within photoreceptor cells, there is no detectable overlap in their distribution (D and G). Figure 4G ). Although prior biochemical experiments revealed that its putative downstream target Armadillo within retinal neurons, we stained wild-type larval third instar and D-APC directly interacts with Arm (Hayashi et al., 1997) , there is no detectable overlap in their distribution within pupal eye discs with antibodies to both proteins. D-APC is found within the cytoplasm of photoreceptor cells and photoreceptors. To explain this, we hypothesize that D-APC might function to regulate Arm levels negatively, restricted to their apices ( Figures 4A and 4B ). In contrast, Arm, though also apically restricted in photoreceptors, such that at those places in the cell where D-APC levels are high, Arm levels would be low. We first addressed is found at the cell surface and concentrated at those points where photoreceptors contact each other ( Figure  this hypothesis by analyzing Arm protein in D-APC mutant photoreceptor cells. We have found no detectable 4C) (Peifer and . Double labeling with anti-D-APC and anti-Arm antibodies reveals that there change in the intracellular distribution or in the level of Arm in photoreceptor cells from mutant third instar larval is no detectable overlap in the distribution of D-APC and Arm ( Figure 4D ). In the wild-type eye disc at 30% eye discs. As these experiments may not detect small changes in Arm levels that occur in the setting of D-APC pupal development ( Figures 4E-4G ), there is a relocalization of Arm, from the entire apical surface at which loss, a genetic approach was used as a more sensitive measure of Arm activity. photoreceptor cells contact each other to only those points of contact in the very center of the ommatidium To test for D-APC regulation of Arm activity genetically, we attempted to lower Arm levels in the D-APC ( Figure 4F ). D-APC also relocates to this central face and remains restricted to the apical cytoplasm ( Figure  mutant by replacing one wild-type copy of the arm gene 
Reduction in Arm Activity

Photoreceptor Death
The hypothesis described above predicts that overexpression of Arm within photoreceptors would induce their death, thereby mimicking the D-APC loss-of-funcwith the null allele arm YD35 (Wieschaus et al., 1984; Peifer and Wieschaus, 1990 ). As shown above, the D-APC mution phenotype. To test this hypothesis, the effects of elevated Arm levels on photoreceptor differentiation tant with two wild-type copies of the arm gene shows death of all neurons in all ommatidia ( Figure 5A ). In were analyzed using the UAS/GAL4 system to overexpress Arm in retinal neurons (Fischer et al., 1988 ; Brand contrast, when the wild-type arm gene dosage is reduced by one-half in the D-APC mutant, many neurons and Perrimon, 1993). Neuronal-specific overexpression of Arm (Sanson et al., 1996) under control of the elavsurvive ( Figure 5B ). The overall efficiency of rescue achieved by halving the arm dosage was similar to that GAL4 transactivator (Lin and Goodman, 1994) results in photoreceptor loss that is phenotypically similar to, but obtained by ectopic p35 expression; however, one striking difference between the two is that the neurons resweaker than, that seen in D-APC mutants, with some ommatidia losing all photoreceptor cells, and most othcued in the arm heterozygotes appear completely normal from apex to base ( Figures 5B and 5C ). Thus, an ers having a reduction in their number ( Figure 6A ). This reveals that death of photoreceptors is sensitive to Arm inactivating arm mutation is a dominant suppressor of both the differentiation defect and the cell death of retidosage and suggests the requirement for titration of D-APC activity. nal neurons in the D-APC mutant. These findings provide To examine further the effects of Arm levels on photois consistent with the results obtained by overexpression of stabilized Arm. Though this stabilized mutant receptor death, we utilized mutations in the amino terminus of Arm that reduce the rate at which it is degraded Arm protein lacks amino acids required for binding to ␣-catenin, it retains the ability to induce photoreceptor (reviewed in Willert and Nusse, 1998) . Neuronal-specific overexpression of an amino-terminal deletion of Arm death (see Figures 6B and 6C) . Together, these findings suggest that while the carboxyl terminus and ␣-catenin (⌬Arm; Zecca et al., 1996) that results in its stabilization, directed by the elav-GAL4 transactivator, results in loss binding site are dispensable for Arm-induced cell death, Arm's central repeats are required for this activity. of all neurons in all ommatidia, and only pigment cells remaining ( Figure 6B ). Finally, overexpression of stabilized Arm under control of the sevenless-GAL4 transactiAnalysis of Wingless Signaling Components in the Activation of Cell Death vator, which directs strong expression in 3 of the 8 photoreceptor cells, and weaker expression in 2 others in the D-APC Mutant To characterize Arm's ability to activate cell death, we (Brunner et al., 1994) , results in photoreceptor loss of only a fraction of cells per ommatidium ( Figure 6C ). Toexamined the effects of other members of the Wingless signaling pathway on the apoptosis that is induced by gether, these findings demonstrate that overexpression of Arm within retinal cells committed to a neuronal fate D-APC loss. One well-characterized negative regulator of Arm's signal transduction function is the serine/threoresults in their death and suggest that the D-APC mutant phenotype is mediated by elevation in Arm activity.
nine kinase Zeste-white 3 (Zw3). Inactivation of Zw3 yields elevated levels of cytoplasmic Arm but has little effect on Arm's function in junctional complexes (reArm Domain Requirements in Induction viewed in Willert and Nusse, 1998) . Neuronal-specific of Photoreceptor Death overexpression of Zw3 (Steitz et al., 1998) , directed by As Arm is a multifunctional protein, specific mutants of the elav-GAL4 transactivator, rescues many retinal neuarm that allow a dissection of its distinct functions were rons from apoptosis in the D-APC mutant ( Figure 8A ). examined in a D-APC mutant background to delineate Remarkably, the rescued cells are detected solely at the regions that are required in the induction of cell death.
apical surface of the eye; more basal sections reveal no The arm H8.6 mutant allele creates a truncation of Arm's rescue (compare Figure 8A with 8B). Thus, although the carboxyl terminus that reduces Arm's ability to mediate underlying differentiation defect persists, overexpresWingless signaling in vivo (Klingensmith et al., 1989;  sion of Zw3 prevents retinal cell death in the D-APC Peifer and . Flies heterozygous for the mutant, suggesting a role for cytoplasmic Arm in the arm H8.6 allele were examined to determine whether deleactivation of apoptosis. tion of the carboxyl terminus reduces Arm's ability to
The signaling mediated by Arm requires not only its induce apoptosis in a D-APC mutant background. As cytoplasmic accumulation but also the activity of the shown above, reduction of the wild-type gene dosage of DNA-binding protein dTCF/Pangolin (Pan) (Brunner et arm by one-half by introduction of the null allele arm YD35 al., 1997; Riese et al., 1997; van de Wetering et al., 1997) . rescues many photoreceptors from death and thereby Arm directly interacts with dTCF through its central Ardominantly suppresses the D-APC mutant phenotype madillo repeats, a region that we have found to be critical ( Figure 7A ). In contrast, the mutant allele arm H8.6 acts in Arm's ability to induce cell death. We have been unlike a wild-type copy of the gene; all photoreceptors in able to eliminate dTCF function in a D-APC mutant backall ommatidia degenerate completely ( Figure 7B ). This ground completely; however, we have examined flies unexpected finding suggests that the carboxyl terminus heterozygous for two mutant alleles of dTCF, pan ciD and of Arm is not required for Arm's ability to induce photorepan
13
, to determine if dTCF is required in the activation ceptor death in the D-APC mutant.
of cell death that results from D-APC loss. pan ciD is mu-A similar assay was utilized to analyze the requirement tant for two loci, ci and pan; it behaves as both a hypoof other regions of Arm for the induction of cell death. morphic allele of ci and a null allele of pan (Orenic et A series of transgenes containing deletions within Arm al., 1987; Locke and Tartof, 1994) . In flies heterozygous have differential effects on Arm's roles in cell adhesion for pan ciD , some retinal neurons are rescued from cell and Wingless signal transduction (Orsulic and Peifer, death in the D-APC mutant ( Figure 8C ). As was seen with 1996). These transgenes are expressed under control ectopic Zw3 expression, the rescued cells are detected of the Arm promoter, and protein levels of these mutated solely at the apical surface of the eye (compare Figure forms of Arm were shown to be equivalent to wild-type 8C with 8D). The same rescue is found in D-APC mutants Arm levels (Orsulic and Peifer, 1996) . Flies heterozygous that are heterozygous for the null allele pan 13 (Brunner for these mutated arm genes were examined to deteret al., 1997; data not shown). These findings suggest mine whether they retain the ability to induce apoptosis that elevated Arm levels activate a cell death pathway in a D-APC mutant background. A series of deletions via the Arm/dTCF complex. in Arm, termed S5, S15, and S12, eliminate Armadillo repeats 5, 8, and portions of 10 and 11, respectively Discussion (Orsulic and Peifer, 1996) (Figure 7, bottom panel) . Each deletion severely disrupts Arm's ability to induce cell D-APC Inactivation Reveals Parallel death in the D-APC mutant (Figures 7C-7E ; S5, S15, Retinal Developmental Defects and S12, respectively). In contrast, a deletion in which in Humans and Flies Arm's ␣-catenin binding site is eliminated retains the Previous studies have suggested a role for APC in the regulation of the Wnt signal transduction pathway. This ability to induce cell death (S14, Figure 7F ). This finding Sections through adult eyes. The various arm deletion mutations are schematically represented at the base of the figure; each numbered box represents a single Armadillo repeat. The solid bars above S14, S5, S15, and S12 represent the extent of the deletion in Arm created in these transgenes. All amino acids distal to the site indicated are deleted in the mutation created in arm H8.6 . Genotypes are as follows: (A) arm suggestion comes from transfection studies in tissue that parallels the retinal defects induced by APC loss in humans. In both species, retinal lesions composed of culture cells and injection studies in amphibians, which have demonstrated regulation of ␤-catenin, a central degenerated photoreceptor neurons and enlarged pigment cells are formed during eye development, sugmediator of Wnt signaling, by APC. These overexpression studies have led to contradictory models with gesting a particular sensitivity of these cell types to APC loss. There has been some debate as to whether the respect to the mechanism by which APC regulates ␤-catenin, and thus Wnt signaling, with the former demdegeneration of retinal neurons found in CHRPE is a secondary consequence of a functional defect in the onstrating a negative regulation and the latter, a positive regulation of ␤-catenin by APC (for discussion, see Miller pigment cells or vice versa (for discussion, see Buettner, 1975) . Both the cell death that results from overexpresand Moon, 1997; Polakis, 1997) . As an alternative to overexpression approaches, we have generated losssion of Arm specifically within neurons, as well as the curious expression pattern of Arm and D-APC in retinal of-function mutants of a fly homolog of APC. This mutant analysis demonstrates a genetic interaction between neurons, suggest that in the fly, retinal degeneration in the setting of APC loss is the result of a defect within APC and two downstream members of the Wnt signaling pathway, ␤-catenin and TCF. The regulation of Arm by the photoreceptor cells themselves. D-APC described here may extend to additional developmental stages and cell types, as analysis of DNA Negative Regulation of Arm by D-APC Both the differentiation defect and the cell death of retisequences documented by the Berkeley Drosophila Genome Project has allowed the identification of a second nal neurons that result from D-APC inactivation are tightly correlated with Arm activity. In many neurons, Drosophila APC gene that is also expressed during embryogenesis. Testing of this possibility awaits further reduction in the arm gene dosage completely rescues both these defects. These studies provide genetic evigenetic analysis.
D-APC mutations do reveal a surprising phenotype dence revealing a role for APC in the negative regulation of ␤-catenin activity and thereby support biochemical death is prevented, revealing an underlying differentiation defect. The abnormal morphology of the rescued data from colon cancer cell lines (Munemitsu et al., 1995) . In these dominant suppression experiments, Arm photoreceptors suggests that D-APC's role in neuronal differentiation extends beyond the control of apoptosis. activity appears to be at a critical threshold, analogous to an on/off switch, in controlling the induction of cell This abnormal morphology is also observed in D-APC mutant photoreceptors that are rescued from death by death. At this threshold, neurons of the same genotype adopt two remarkably divergent fates: either they unoverexpression of Zw3. High levels of Zw3 are expected to increase the phosphorylation of cytoplasmic Arm, dergo apoptotic death, or they survive and carry out a differentiation program that appears complete. These thereby inducing its degradation. As the rescued cells display an underlying defect, we infer that it is high levels data support two conclusions. First, cell death in the setting of D-APC loss is exquisitely sensitive to Arm of cytoplasmic, hypophosphorylated Arm, rather than the differentiation defect per se, that trigger the apoactivity. Second, all phenotypic manifestations of D-APC loss in retinal neurons can be attributed solely to inptotic response. This hypothesis is supported by the observation that reduction in the gene dosage of dTCF creased Arm activity, as they are rescued simply by lowering Arm levels. These data reveal that induction of in the D-APC mutant prevents cell death but leads to a similar differentiation defect. Together, these findings apoptosis is one consequence of unregulated elevation in Arm activity and that D-APC must function to monitor reveal that the defect in differentiation can be uncoupled from the cell death and suggest that apoptosis is not and tightly regulate Arm in retinal neurons to allow their survival.
merely a default pathway in the D-APC mutant but rather that apoptosis requires activation by the Arm/dTCF Similarly, in flies heterozygous for mutant pan alleles, some neurons lacking D-APC are rescued from cell complex. The differentiation defect found upon rescue of D-APC death. The importance of the interaction of Arm with dTCF in the induction of apoptosis is supported by mumutant photoreceptors from death by expression of p35 and Zw3, as well as by reduction of dTCF, contrasts tational analysis of Arm. Deletion of the central Armadillo repeats, but not the amino-or carboxy-terminal regions with the complete apicobasal rescue found in Arm heterozygotes. We cannot exclude the possibility that this outside of these repeats, severely disrupts Arm's ability to induce cell death in the D-APC mutant. As the central differential rescue reflects strictly quantitative differences in the sensitivity of the two D-APC phenotypes to Armadillo repeats form a tightly packed helical structure that is required for Arm's interaction with dTCF (Huber reduction in Arm and dTCF; however, these differences raise the possibility that the differentiation defect inet al ., 1997; van de Wetering et al., 1997) , this finding supports the hypothesis that the Arm/dTCF complex duced by D-APC inactivation reflects a role for Arm in the differentiation of photoreceptor neurons that is activates retinal cell death upon D-APC loss. TCF has been shown to function in both transcriptional activation independent of dTCF. Thus, the analysis of D-APC inactivation suggests distinct roles for Arm in the differentia- (Behrens et al., 1996; Molenaar et al., 1996; van de Wetering et al., 1997) and transcriptional repression (Brantion of a cell and in the commitment of a cell to an apoptotic path. non et al., 1997; Riese et al., 1997 (Wolff and Ready, 1991; Hay et al., 1994) . Despite the Embryos and eye imaginal discs were fixed using heat/methanol extensive apoptosis that occurs during retinal developand stained as described (Mü ller and Wieschaus, 1996) (Cagan and Ready, 1989). response to this elevation, triggers a cell death pathway. This dTCF sensing mechanism would provide an Arm-TUNEL based molecular link between a gross aberration in neuWhite prepupae were aged at constant temperature and staged as ronal differentiation and the concomitant activation of described (Cagan and Ready, 1989) . Following the TUNEL reaction cell death. (Reddy et al., 1997) , pupal discs were incubated with avidin D-coupled fluorescein (Vector Laboratories) and rhodamine-conjuMammalian ␤-catenin is proteolytically processed in gated phalloidin (Molecular Probes) (Wolff and Ready, 1991 such junctions is an early event in programmed cell
The coding region of D-APC (Hayashi et al., 1997) was amplified death, this processed form has been proposed to be an by polymerase chain reaction and sequenced by dideoxy chain termination.
effector of apoptosis (Brancolini et al., 1997) . In contrast, our data suggest that at least in retinal neurons, ␤-cat-
Ectopic Expression
enin could function not only as an effector but also as
The pGMR-p35 gene (Hay et al., 1994) lization (Brancolini et al., 1997) . If caspase-mediated
The UAS-arm gene (Sanson et al., 1996) and the UAS-flu-⌬arm gene (Zecca et al., 1996) were expressed in neurons using the elav-GAL4, proteolytic processing of Arm occurs in apoptotic pho-C155 driver line (Lin and Goodman, 1994) . For each, males carrying toreceptor cells, it might generate a positive feedback these arm transgenes were crossed to females carrying the elavloop, whereby elevated levels of Arm would activate an GAL4 driver line. The UAS-flu-⌬arm gene was expressed in a subset apoptotic pathway; this induction of apoptosis would of neurons using the sevenless-GAL4 driver line K25 (Brunner et al., result in the cleavage and stabilization of Arm, which 1994). The UAS-zw3 gene (Steitz et al., 1998) in colon carcinoma cells undergoing apoptotic death (Browne et al., 1994) . As such cleavage would likely Arm and dTCF Dominant Suppression eliminate APC's ability to regulate ␤-catenin negatively,
The mutants alleles arm YD35 (Wieschaus et al., 1984; Peifer and this would further reinforce a positive feedback loop, , arm H8.6 (Klingensmith et al., 1989; Peifer and Wieschaus, 1990) , pan ciD (Locke and Tartof, 1994) 
